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Lipodystrophies are characterized by a loss of white adipose 
tissue, which causes ectopic lipid deposition, peripheral insulin 
resistance, reduced adipokine levels, and increased food intake 
(hyperphagia). The growth factor myostatin (MSTN) negatively 
regulates skeletal muscle growth, and mice with MSTN inhibition 
have reduced adiposity and improved insulin sensitivity. MSTN 
inhibition may therefore be efficacious in ameliorating diabetes. 
To test this hypothesis, we inhibited MSTN signaling in a diabetic 
model of generalized lipodystrophy to analyze its effects on glucose 
metabolism separate from effects on adipose mass. A-ZIP/F1 li- 
podystrophy mice were crossed to mice expressing a dominant- 
negative MSTN receptor (activin receptor type IIB) in muscle. 
MSTN inhibition in A-ZIP/F1 mice reduced blood glucose, serum 
insulin, triglyceride levels, and the rate of triglyceride synthesis, 
and improved insulin sensitivity. Unexpectedly, hyperphagia was 
normalized by MSTN inhibition in muscle. Blood glucose and 
hyperphagia were reduced in double mutants independent of 
the adipokine leptin. These results show that the effect of MSTN 
inhibition on insulin sensitivity is not secondary to an effect on 
adipose mass and that MSTN inhibition may be an effective treat- 
ment for diabetes. These results further suggest that muscle may 
play a heretofore unappreciated role in regulating food intake. 
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The lipodystrophies are a heterogeneous group of 
inherited or acquired disorders caused by adi- 
pose tissue loss and the consequent reduction in 
lipid storage and adipokine levels (1,2). The lipo- 
dystrophic patients seen most frequently in the clinic today 
are HIV-infected patients taking highly active antiretroviral 
therapies (HAART) that include protease inhibitors (1,2). 
An estimated 40% of patients taking HAART for at least 
1 year develop altered body fat distribution (3). Whether 
acquired or genetic, lipodystrophies are often associated 
with complications similar to those in obesity, such as insulin 
resistance (1,2). In both diseases, excess energy cannot be 
adequately stored in adipose tissue because adipocyte stor- 
age is filled to near capacity (obesity) or is absent (lipodys- 
trophy) (4). As a consequence, excess lipid accumulates in 
skeletal muscle and liver and causes insulin resistance (5). 
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Muscle is the primary site of insulin-stimulated glucose 
disposal (6), and as in obesity, an increase in the con- 
centration of lipid in skeletal muscle is known to precede 
diabetes in a model of lipodystrophy, the A-ZIP/F1 mouse 
(hereafter called A-ZIP) (4,7). 

Hyperphagia is another consequence of lipodystrophy 
due to the reduction in levels of the adipokine leptin (8). 
Leptin regulates energy balance and glucose metabolism 
(9), and leptin replacement therapy ameliorates the di- 
abetic and hyperphagic phenotypes in lipodystrophic mice 
and patients (2,10,11). Children with Berardinelli-Seip con- 
genital lipodystrophy, however, have been reported to de- 
velop resistance to leptin replacement therapy, likely due to 
an antileptin immune response (12). This result highlights 
a need for alternative therapies. 

Myostatin (MSTN) is a member of the transforming growth 
factor-(3 (TGF-P) superfamily predominantly expressed in 
skeletal muscle that negatively regulates muscle mass during 
development and in adults (13-15). Of the receptors for 
TGF-(3 family members, MSTN has highest affinity for the 
activin receptor type IIB (ACVR2B, also known as ACTRIIB) 
(13). Mstn mice and mice expressing a dominant-negative 
(DN) receptor transgene (DN-Acvr2b) specifically in skel- 
etal muscle both have increased muscle mass, reduced 
adiposity, and increased insulin sensitivity compared with 
wild-type (WT) mice (16-18). There is some evidence, 
however, that MSTN signaling may affect insulin sensitivity 
by a mechanism other than directly regulating muscle mass 
or indirectly modulating adipose tissue mass. An increase in 
MSTN gene expression in muscle has been demonstrated in 
morbidly obese or insulin-resistant humans and in obese 
rodents, and these expression levels appear to be uncor- 
rected with muscle mass (19-23). Furthermore, MSTN 
worsens insulin tolerance without altering body composition 
(18,24). Taken together, these data suggest that the im- 
proved whole-body insulin sensitivity in Ms£n _/ ~ mice is not 
solely due to the effect of MSTN on the mass of muscle or 
adipose tissue. 

Recent clinical trials indicate that resistance training 
improves insulin sensitivity in diabetic patients, suggesting 
a resistance exercise mimetic could be a useful therapy for 
diabetes (25). We therefore hypothesized that MSTN 
inhibition, a resistance exercise mimetic, could improve 
glucose control in diabetic animals. To analyze the effects 
of MSTN effects on hyperglycemia without the confounding 
effects of changes in white adipose tissue (WAT) mass or 
WAT cross talk with muscle, we chose to inhibit MSTN sig- 
naling in a diabetic lipodystrophy model. 

RESEARCH DESIGN AND METHODS 

Animals. Animal experiments were approved by the National Institute of 
Diabetes and Digestive and Kidney Diseases (NIDDK) Animal Care and Use 
Committee, the National Institutes of Health (NIH). Mice were fed the NIH-07 
chow diet (3.78 kcal/g, 12 kcal% fat) ad libitum, unless otherwise noted, and 
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kept under a 12-h light/dark cycle. Muscle-DN transgenic mice expressing a DN 
Acvr2b transgene (containing coding sequences corresponding to the ACVR2B 
extracellular ligand-binding and transmembrane domains, but not the kinase 
domain) (26) on a C57BL/6 genetic background and A-ZIP (originally A-ZIP/F1) 
transgenic mice (27) on an FVB/N genetic background have been previously 
described. Lep ob/ob mice on a C57BL/6 genetic background were purchased 
from The Jackson Laboratory. A-ZIP males were used to cross other mutant 
lines. For double transgenic mice {A-ZIP, Muscle-DN}, Fl hybrid pups (50% 
FVB/N) were used for analysis. Lep ob/+ mice were mated separately to A-ZIP 
mice and to Muscle-DN mice, and A-ZIP, Lep ob/+ male offspring were mated to 
Lep ob/+ , Muscle-DN female offspring to generate triple A-ZIP, Muscle-DN, 
Lep ob/ob mice for analysis (25% FVB/N). 

Histology. Tissues were fixed in 10% formalin, dehydrated, embedded in 
paraffin, sectioned, and stained with hematoxylin and eosin. 
Insulin tolerance tests. The insulin tolerance test was performed on fed mice 
as described (28). Blood glucose was measured in samples of tail blood at 
indicated intervals using an Elite Glucometer (Bayer Diagnostics). 
Western blotting. Insulin-stimulated phosphorylated (p)-Akt in vivo was detected 
as described (16). Quadriceps protein (30 jxg) was incubated with anti-growth 
factor receptor-bound protein 14 (GRB14) and anti-glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) antibodies (Millipore). 

Serum measurements. Serum was collected by cardiac puncture under 
pentobarbital anesthesia (80 mg/kg body weight). Concentrations of serum 
insulin, leptin, peptide YY (PYY), glucagon-like peptide 1 (GLP-1), ghrelin, 
glucagon, and adiponectin (Millipore) were determined using a radioimmuno- 
assay kit according to the manufacturer's instructions. Serum triglycerides 
(Infinity triglycerides kit, Thermo) and free fatty acids (Half Micro Test kit, 
Roche) were determined by colorimetric methods according to the manu- 
facturer's instructions. 

Tissue triglyceride measurements. Concentrations of triglycerides from 
liver and gastrocnemius muscle were determined as described (16). 
RNA isolation and quantitative (q)RT-PCR. Total RNA was isolated using 
Trizol Reagent (Invitrogen) or RNAeasy kit (Qiagen) according to the manu- 
facturer's instructions. For real-time qRT-PCR, samples were digested with 
DNase, followed by reverse transcription of 200 ng total RNA using Super- 
script II (Invitrogen). cDNA was quantified on an ABI Prism 7000 Sequence 
Detection System using SYBR green master mix (Applied Biosystems) and 
indicated primers (Supplementary Table 1) and normalized to 18S rRNA ex- 
pression. 

Metabolic analyses. Indirect calorimetry and activity measurements were 
performed as described (29). Lipid oxidation was assessed in conscious ani- 
mals as described (30). In vivo triglyceride secretion was studied in conscious 
mice by measuring the increase in circulating triglycerides after lipase in- 
hibition by WR1339 (Sigma), as described (31). Urine samples were collected 
during 24 h when mice were individually caged in mouse metabolic chambers 
(Harvard Apparatus) after 2 days of acclimation. Urine glucose was measured 
with a glucose assay kit (BioVision). Hyperinsulinemic-euglycemic clamps 
were performed as described (16). 

Food intake measurement. Mice were acclimated to individual cages for 
1 week, and then food intake and body weight was measured daily or weekly. 
Statistical analysis. Results are expressed as mean ± SEM. Blood glucose, 
insulin tolerance, and in vivo triglyceride synthesis assays were analyzed by 
repeated measures ANOVA (SPSS 16.0 software). Mstn and leptin expression 
and muscle triglycerides were analyzed by the two-tailed Student t test. All 
other data were analyzed by one-way ANOVA. Nonhomogeneous data, as 
determined by a Levene test, were log-transformed to restore equal variance 
before ANOVA analysis. A Tukey post hoc test was used to determine the 
source of differences. P < 0.05 was considered significant. 



RESULTS 

Muscle-specific MSTN inhibition rescues lipodystrophic 
diabetes. A-ZIP mice overexpress a transgene encoding 
a DN leucine zipper transcription factor that blocks white fat 
adipogenesis, and these mice have all the hallmarks of lipo- 
dystrophic diabetes (8,32). We found that the expression of 
Mstn mRNA in gastrocnemius muscle from A-ZIP mice 
is fourfold higher than in muscle from nontransgenic mice 
(Fig. 1A). To determine whether inhibition of MSTN signaling 
in muscle could improve diabetes in mice lacking WAT, we 
crossed mice overexpressing a muscle-specific DN-Acvr2b 
transgene (Muscle-DN) to A-ZIP mice. A-ZIP, Muscle-DN 
double transgenic mice had greatly increased skeletal muscle 
mass without rescue of WAT, an increase in brown adipose 
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tissue (BAT), or a change in body weight compared with 
A-ZIP mice (Supplementary Table 2 and Supplementary 
Fig. 1). To analyze the effect of MSTN inhibition on di- 
abetes, we measured fed blood glucose for 14 weeks 
starting from weaning. We found that hyperglycemia in 
male and female A-ZIP mice was completely rescued by 
the Muscle-DN transgene (Fig. IB and Supplementary 
Fig. 2). In addition, the elevated urine glucose in diabetic 
A-ZIP mice was also normalized in A-ZIP, Muscle-DN trans- 
genic mice (data not shown). These results show that MSTN 
inhibition in skeletal muscle prevented the development of 
diabetes in this lipodystrophic model. 
Insulin sensitivity and signaling. A-ZIP, Muscle-DN mice 
had significantly reduced serum insulin levels compared 
with A-ZIP mice, suggesting that hyperglycemia was res- 
cued by increased insulin sensitivity rather than increased 
insulin production (Fig. 1C and Supplementary Fig. 2). 
To examine whole-body insulin sensitivity, we performed 
insulin tolerance tests. Insulin treatment reduced blood 
glucose in A-ZIP, Muscle-DN mice similarly to WT mice, 
whereas A-ZIP mice were largely unresponsive to insulin 
(Fig. ID and Supplementary Fig. 2). We also performed 
nyperinsulinemic-euglycemic clamp studies to further ex- 
amine insulin sensitivity. A-ZIP mice were so insulin re- 
sistant and hyperglycemic that no glucose was needed to 
maintain blood glucose levels during the clamp (Fig. IE and 
F and Supplementary Fig. 3). In contrast, the glucose infusion 
rate in Muscle-DN mice was almost twice that of WT mice, 
demonstrating greater than normal insulin sensitivity. The 
glucose infusion rate during the clamp in A-ZIP, Muscle-DN 
mice, however, was most similar to that of WT mice (Fig. IE 
and F). Taken together, these data demonstrate that MSTN 
inhibition in muscle improved insulin sensitivity in A-ZIP 
mice. 

Treatment with MSTN inhibitors increases muscle ex- 
pression of the insulin-sensitizing adipokine adiponectin 
in obese mice (33). Serum adiponectin concentrations, 
however, were not restored in A-ZIP, Muscle-DN mice 
(Supplementary Fig. 4). 

Reduced MSTN gene expression in muscle after weight 
loss by bariatric surgery is correlated with reduced expres- 
sion of GRB14, an inhibitor of the insulin receptor (23). 
Grbm~'~ mice are more insulin sensitive than WT mice 
and have increased activation of the serine/threonine ki- 
nase Akt in muscle in response to insulin (34). Grbl4 ex- 
pression in muscle from A-ZIP, Muscle-DN and Muscle-DN 
mice was significantly decreased compared with both WT 
and A-ZIP mice (Fig. 1G). Protein levels were also reduced 
(Fig. 177). Consistent with improved insulin signaling, 
A-ZIP, Muscle-DN mice had a greater increase in phos- 
phorylation of Akt in muscle after insulin treatment com- 
pared with A-ZIP mice (Fig. II). 

To determine whether liver insulin resistance was also 
improved by MSTN inhibition in muscle, we analyzed the 
level of insulin-stimulated p-Akt in liver. Consistent with 
their insulin resistant phenotype, p-Akt in liver from A-ZIP 
mice was not detectable after insulin injection (Fig. 17). 
A-ZIP, Muscle-DN mice, however, had an easily detectable 
level of insulin-stimulated p-Akt in liver, demonstrating 
enhanced insulin signaling (Fig. 17). 

Improved dyslipidemia in A-ZIP, Muscle-DN mice. 

Because elevated lipids can cause insulin resistance and 
A-ZIP mice have greatly increased triglyceride levels, we 
examined A-ZIP, Muscle-DN mice for evidence of im- 
proved lipid metabolism. The severe hypertriglyceridemia 
and elevated circulating free fatty acids found in A-ZIP 

DIABETES, VOL. 61, OCTOBER 2012 2415 



MSTN INHIBITION IN LIPODYSTROPHY 



> 
(/) 

I 4 

X 

0 

CD 
> 

CD 1 



B 



WT A-ZIP 



600- 
500- 
400- 
300- 
200- 
100- 
0- 



-0-WT 

■ Muscle-DN 
-A- A-ZIP 

-□-A-ZIP, Muscle-DN 




0 2 4 6 8 10 12 14 16 18 
Age (wk) 



100, 



CD 



CD 

CO 




10- 



□ WT 

IB Muscle-DN 
■ A-ZIP 

0 A-ZIP, Muscle-DN 



120 



80 
60 
40 
20 
0 




-0-WT 
-A- A-ZIP 

■D- A-ZIP, Muscle-DN 



PO.001 



0 15 30 45 60 75 
Time after insulin injection (min) 



^500 
1 400 
§ 300 
§ 200 

CD 

-d 100 
o 

S 0 



■ WT 

■ Muscle-DN 

■ A-ZIP 

■ A-ZIP, Muscle-DN 




-40-20 0 20 40 60 80100120 
Time (min) 



B 500 

CO 

c ^400 



WT 

1 Muscle-DN 
A-ZIP 

■ A-ZIP, Muscle-DN 




40 60 80 
Time (min) 



100 120 



CD 

I 2.0 
c 

I 1-5 

CL 

X 

0 1.0 

CD 
> 

| 0.5 

§ 0 
CD 



*** *** 



III VA 



H 



□ WT 

□ Muscle-DN 
■ A-ZIP 

0 A-ZIP, Muscle-DN 



_CD 
O 
CO 
Z3 



Q_ 

N 
i 

< 



_CD 
O 
if) 
=3 



Q_ 

N 
i 

< 



GRB14 
GAPDH 



I 



A-ZIP 

WT Muscle-DN A-ZIP Muscle-DN 



Insulin: — + — + — + — + 

p-Akt — W ^ 
Akt 



Muscle 



Liver 



FIG. 1. Amelioration of diabetes by muscle-specific inhibition of MSTN signaling in A-ZIP mice. A: Mstn mRNA levels in gastrocnemius muscles of 
A-ZIP (n = 7) vs. WT mice (ji = 6). B: Blood glucose levels in male WT mice, Muscle-DN mice, A-ZIP mice, and A-ZIP, Muscle-DN mice taken bi- 
weekly (n = 6 for each genotype). C: Serum insulin concentrations of male mice measured at age 5 months (n = 4-6 for each genotype). D: Insulin 
tolerance tests performed on fed male WT mice, A-ZIP mice, and A-ZIP, Muscle-DN mice at age 12 weeks (ji = 5-6 for each genotype). E: Plasma 
glucose concentration before and during hyperinsulinemic-euglycemic clamp starting at time 0 (ji = 5-7 for each genotype). F: Glucose infusion 
rate during clamp (ji = 5-7 for each genotype). G: Grbl4 mRNA levels in gastrocnemius muscles (ji = 5-6 for each genotype). H: Representative 
Western blots of GRB14 protein levels in quadriceps muscle relative to GAPDH. /: Representative Western blots of p-Akt (Ser473) in gastroc- 
nemius muscle and liver samples in response to intraperitoneal insulin injection (n = 3 for each genotype). Results are presented as mean ± SEM. 
B and D: Significance of repeated-measures ANOVA is marked. **P < 0.01, ***P < 0.001. 



mice were normalized in A-ZIP, Muscle-DN mice (Fig. 2A 
and E). In muscle, triglyceride levels were greatly reduced 
in A-ZIP, Muscle-DN mice compared with A-ZIP mice (Fig. 
2(7), and expression of genes for lipid uptake was reduced 
(Fig. 3A). The hepatic triglyceride levels found in A-ZIP 
mice were dramatically decreased to nearly normal levels 
by MSTN inhibition in A-ZIP skeletal muscle, leading to 
normalized liver weights and appearance (Fig. 2D and E, 
and Supplementary Table 2). 

We next tried to determine whether an increase in lipid 
oxidation caused the decrease in triglyceride levels in A-ZIP, 
Muscle-DN mice. A-ZIP, Muscle-DN muscle had reduced ex- 
pression of genes involved in fatty acid binding, transport, 
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and oxidation compared with A-ZIP muscle (Fig. 3A). The 
rate of lipid oxidation in vivo or in isolated soleus muscle 
from A-ZIP, Muscle-DN mice, however, was not significantly 
different from A-ZIP mice, although both lipodystrophic 
genotypes had higher muscle lipid oxidation rates than 
Muscle-DN mice (Fig. 2F and Supplementary Fig. 5). In liver, 
there was no increase in expression of genes for lipid 
oxidation in A-ZIP, Muscle-DN mice compared with A-ZIP 
mice (Fig. 35). 

The rate of hepatic lipogenesis is elevated in patients with 
type 2 diabetes (5), so altered lipogenesis could potentially 
contribute to the amelioration of lipidemia in A-ZIP, 
Muscle-DN mice. The expression of genes for lipogenesis, 
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FIG. 2. Dyslipidemia is improved by muscle-specific inhibition of MSTN signaling in A-ZIP mice. Serum triglycerides (A') and free fatty acids (FFA) 
(1?) in male WT mice, Muscle-DN mice, A-ZIP mice, and A-ZIP, Muscle-DN mice at age 5 months (n = 7-9 for each genotype). Triglyceride con- 
centration in gastrocnemius muscle (C) and liver (Z>) at age 5 months (n = 6). E: Representative liver histology by hematoxylin and eosin staining. 
Scale bar = 100 |mm. F: Rate of oleic acid oxidation per mouse (n = 6-8 for each genotype). G: Rate of in vivo triglyceride synthesis obtained by 
measuring the accumulation of circulating triglycerides after inhibition of lipolysis by WR1339 (ji = 5-9 for each genotype). Results are presented 
as mean ± SEM. Significance of repeated measures ANOVA is marked. *P < 0.05, **P < 0.01, ***P < 0.001. (A high-quality digital representation of 
this figure is available in the online issue.) 



fatty acid synthase (Fasn), and stearoyl-CoA desaturase 
1 (Scdl), were reduced in A-ZIP muscle compared with 
nontransgenic control muscle (Fig. 3A). They were not, how- 
ever, expressed at significantly different levels in A-ZIP, 
Muscle-DN muscle than in A-ZIP muscle (Fig. 3A). Fasn 
expression was significantly higher in A-ZIP, Muscle-DN liver 
compared with A-ZIP liver (Fig. 3E) even though hepatic 
triglyceride levels were reduced. Despite this increased Fasn 
expression, the in vivo triglyceride synthesis rate in A-ZIP, 
Muscle-DN mice, which mainly reflects hepatic triglyceride 
output, was significantly lower than in A-ZIP mice (Fig. 2G), 
demonstrating that reduced lipogenesis rather than increased 
oxidation is likely the cause of the improved triglyceridemia. 
Energy balance. To determine whether altered energy 
balance contributed to the improvement in dyslipidemia 
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and glucose metabolism, we analyzed energy expenditure, 
activity, and food intake. No significant differences were 
detected in total energy expenditure between genotypes as 
measured by indirect calorimetry (Fig. 4A and Supple- 
mentary Table 3). Locomotor activity levels in A-ZIP, 
Muscle-DN mice, however, were significantly lower than 
those of all other genotypes (Fig. 4B and C). These data 
suggest that an increase in energy expenditure does not 
explain the reduction in dyslipidemia and hyperglycemia. 

A-ZIP mice have greatly increased energy intake (27). 
Surprisingly, inhibition of skeletal muscle MSTN signal- 
ing in A-ZIP mice reduced food intake to levels compa- 
rable to those of WT and Muscle-DN mice (Fig. 4D and 
E). We therefore examined the expression levels of sev- 
eral known regulators of food intake in the hypothalamus, 
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including the orexigenic peptides agouti-related protein 
(AgRP) and neuropeptide Y (Npy) and the anorexigenic 
proopiomelanocortin precursor (Pome). Expression of Npy, 
AgRP, and Pome were not significantly different between 
A-ZIP snd A-ZIP, Muscle-DN mice (Supplementary Fig. 6). 

Signaling by the melanocortin 4 receptor (MC4R), which 
is antagonized by AgRP, inhibits food intake (35), and 
melanotan II (MTII), a synthetic agonist of MC3R and 
MC4R, causes an inhibition of food intake when injected 
into rodents (36). To determine whether the melanocortin- 
signaling pathway downstream of MC3R or MC4R is blocked 
in A-ZIP mice or enhanced in A-ZIP, Muscle-DN mice, we 
injected MTII and measured food intake during a 24-h period 
relative to prior intake. There were no statistically significant 
differences in the suppression of food intake caused by MTII 
treatment between genotypes, indicating that signaling 
downstream of MC3R and MC4R is intact in all genotypes 
(Supplementary Fig. 6). 

Finally, we measured the levels of anorectic factors, the 
gastrointestinal hormones PYY and GLP-1, the pancreatic 
hormone glucagon, and the orexigenic gastrointestinal 
hormone ghrelin (37,38). Serum total PYY levels were 
significantly increased in A-ZIP mice but were not as ele- 
vated in A-ZIP, Muscle-DN mice (Fig. 5A). Serum GLP-1 
was not different among the four genotypes (Fig. 5B). 
Serum glucagon was elevated in A-ZIP mice but was not 
different between nontransgenic, Muscle-DN, and A-ZIP, 
Muscle-DN mice (Fig. 5(7). Thus, an increase in satiety 
hormones does not seem to explain the reduced hyper- 
phagia in A-ZIP, Muscle-DN mice. Despite the increased 
food intake in A-ZIP mice, ghrelin was reduced in serum 
compared with nontransgenic mice (Fig. 5D). A-ZIP, 
Muscle-DN mice had normal levels of ghrelin, indicating 
that lower levels of this orexigenic hormone are not re- 
sponsible for their reduced food intake (Fig. bD). 



Improvement in diabetes and hyperphagia is leptin 
independent. Diabetes and hyperphagia in lipodystrophy 
mice and patients can be ameliorated by leptin treatment 
(10). Leptin gene expression has been reported in other 
tissues besides WAT, including skeletal muscle and BAT 
(39), so we examined leptin expression in different tissues 
from A-ZIP and double-transgenic mice. We did not find an 
increase in leptin expression in these tissues in A-ZIP, 
Muscle-DN mice compared with A-ZIP mice (Fig. 6A and B), 
and leptin expression was also undetectable in whole brain 
or hypothalamus from A-ZIP or A-ZIP, Muscle-DN mice 
(data not shown). In addition, circulating leptin levels in 
A-ZIP, Muscle-DN mice were not restored (Fig. 5E). 

To definitively rule out the possibility that the metabolic 
changes were leptin dependent, we examined the A-ZIP, 
Muscle-DN phenotype in a Lep ob/ob leptin-deficient back- 
ground. Triple-mutant mice were smaller than A-ZIP, Lep ob/ob 
double-mutant mice (Fig. 6(7), and two of five died in early 
adulthood of unexplained causes. The three survivors had 
normal blood glucose levels, whereas three A-ZIP, Lep ob/ob 
double-mutant mice were hyperglycemic (Fig. 6D). Total 
food intake in triple mutants was significantly reduced to 
approximately half that of A-ZIP, Lep ob/ob mice, although 
when normalized to body weight, food intake was non- 
significantly reduced by —30% (Fig. 6E and F). The decrease 
in hyperglycemia and food intake in A-ZIP, Muscle-DN 
compared with A-ZIP mice in the complete absence of leptin 
indicates that these improvements are leptin independent. 
Improvement in diabetes and hyperphagia is due to 
MSTN inhibition in muscle. We do not believe that 
misexpression of the Muscle-DN transgene in a nonmuscle 
tissue might be causing the improved glycemia or energy 
intake for the following reasons: 

1) We could not detect an increase in expression of the 
Acvr2b ligand-binding domain by qRT-PCR in whole brain 
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FIG. 4. Decreased activity and improved hyperphagia caused by muscle-specific inhibition of MSTN signaling in A-ZIP mice. Total energy ex- 
penditure (A), total activity CB), and ambulating activity (C) of male WT mice, Muscle-DN mice, A-ZIP mice, and A-ZIP, Muscle-DN mice measured 
at age 5 months (n = 5-7 for each genotype). Daily food intake per mouse (Z>) and normalized to body weight of WT, Muscle-DN, A-ZIP, and A-ZIP, 
Muscle-DN mice (#) measured at age 6 and 17 weeks (n = 5-8). BW, body weight. Results are presented as mean ± SEM. *P < 0.05, **P < 0.01, 
***P < 0.001. 



or hypothalamus from A-ZIP, Muscle-DN mice (data not 
shown), suggesting that misexpression of the transgene 
centrally is not the mechanism for the improved metabolism. 

2) A-ZIP, Mstn - ^ mice have reduced hyperglycemia and 
hyperphagia compared with A-ZIP, Mstn +/ ~ mice, suggesting 
that aberrant expression of the Muscle-DN transgene does 
not ameliorate the diabetic phenotype in A-ZIP, Muscle-DN 
mice (Fig. 7 A and E). This also demonstrates that the DN 
ACVR2B protein in A-ZIP, Muscle-DN mice is predominantly 
inhibiting MSTN rather than other ACVR2B ligands. 

3) Although low levels of expression of the Muscle-DN 
transgene are found in BAT (16), expression of a WAT- and 
BAT-specific DN-Acvr2b transgene in A-ZIP mice does not 
normalize the hyperglycemia or hyperphagia (Fig. 1C and D). 
Thus, inhibition of MSTN signaling in skeletal muscle is 
most likely the primary cause of rescue of the lipodystrophic 
phenotype in A-ZIP, Muscle-DN mice. 



DISCUSSION 

We show here that blocking ACVR2B signaling in muscle 
prevented the development of diabetes and hyperphagia 
in lipodystrophic mice independent of leptin or WAT res- 
toration. In addition, transgenic overexpression of the DN- 
Acvr2b in muscle in A-ZIP mice also reduced insulin, 
circulating free fatty acids and triglycerides, and muscle 
and hepatic triglycerides. Although these are favorable 



metabolic effects, A-ZIP, Muscle-DN mice also had re- 
duced activity levels compared with other genotypes and 
reduced body weight compared with Muscle-DN mice, 
despite increased muscle mass. These effects may be 
consequences of reduced energy intake coupled with a 
lack of energy storage in the form of WAT and hepatic 
triglycerides. 

Increased lipid in skeletal muscle and liver in these tis- 
sues before the development of diabetes is thought to 
impair insulin signaling in the A-ZIP mice (7). Consistent 
with this explanation, triglyceride levels and insulin sig- 
naling are both improved in A-ZIP, Muscle-DN muscle and 
liver. Thus, the decreased lipidemia is likely to be the main 
explanation for the improved insulin sensitivity. In ad- 
dition to the reduction in triglyceride levels, our results 
also show that insulin signaling may be further enhanced 
by a reduction in the level of GRB14 in muscle in both 
Muscle-DN and A-ZIP, Muscle-DN mice compared with 
WT mice. Our results, taken together with the decrease 
in GRB14 and MSTN expression in morbidly obese pa- 
tients after bariatric surgery (23), suggest that GRB14 
may be downstream of MSTN signaling to inhibit insulin 
signaling. 

Our results are consistent with a growing body of evi- 
dence that altering metabolism in skeletal muscle can have 
profound effects on the metabolism of other tissues. In- 
creased glucose uptake in muscle, reduced adiposity, and 
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FIG. 5. Serum concentration of regulators of food intake in A-ZIP mice with or without muscle-specific inhibition of MSTN signaling. Serum 
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for each genotype, except ghrelin WT (n = 3). Results are presented as mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001. 



increased hepatic insulin sensitivity are found in mice that 
become muscular by MSTN inhibition before or simulta- 
neous with a high-fat diet challenge (14). We previously 
showed that these effects are mediated by blocking MSTN 
in skeletal muscle rather than in adipose tissue because 
inhibiting MSTN signaling in adipocytes does not affect 
body composition or insulin sensitivity (16). Similarly, muscle 
hypertrophy caused by activation of an inducible consti- 
tutively active Aktl transgene expressed specifically in 
muscle results in a loss of WAT mass in obese mice (40). 
The increased whole-body insulin sensitivity in Muscle-DN 
mice could be a result of muscle hypertrophy, the sec- 
ondary decrease in adiposity, the direct inhibition of the 
MSTN signaling cascade in muscle, or some combination 
of these factors. Our study using a diabetic model with no 
WAT suggests that the improvement in glucose and lipid 
metabolism in other mouse models with muscle hyper- 
trophy (14) is not merely a secondary effect of decreased 
WAT mass. This is consistent with the improved glucose 
metabolism in the absence of weight loss found in Lep ob/ob 
mice receiving anti-MSTN antibody therapy (33). 

The reduced hyperphagia in A-ZIP, Muscle-DN mice was 
the most unexpected finding. Given the varying energy 
demands of muscle undergoing different types and levels 
of activity, it seems plausible that a feedback loop ema- 
nating from skeletal muscle to the brain to regulate energy 
intake could exist. A role for MSTN in food intake has not 
been described previously, however, and one might expect 
that increasing muscle mass would increase food intake. 
The reduced energy intake alone would not seem to fully 
explain the improved glycemia in A-ZIP mice caused by 
MSTN inhibition. Restricting food intake in lipodystrophic 
mouse models, including A-ZIP mice, does not rescue hyper- 
glycemia (41,42). Conversely, our results cannot definitively 
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rule out the possibility that reduced blood glucose itself 
caused the reduction in food intake, although we think it 
unlikely. Intraperitoneal glucose injection inhibits food 
intake in rats (43), and type 2 diabetic patients consume 
fewer calories during a hyperglycemic clamp compared with 
a euglycemic clamp (44). These studies suggest that reducing 
hyperglycemia might stimulate, rather than suppress, ap- 
petite. Moreover, energy intake is unchanged in ob/ob mice 
treated with anti-MSTN antibodies even though fed and 
fasting blood glucose is reduced compared with untreated 
mice (33). 

Energy intake is regulated by a complex web of multiple 
mechanisms acting on the central nervous system (CNS) in 
the hypothalamus and brainstem. Secreted protein hor- 
mones from the peripheral tissues, such as insulin and 
leptin, act on neurons in the hypothalamus to inhibit food 
intake (35,45,46). In addition, nutrients, such as glucose, 
lipids, and amino acids, are detected in the CNS by direct 
and indirect mechanisms and may regulate energy intake 
(47,48). For example, central infusion of palmitic acid can 
inhibit the signaling of leptin and insulin in the hypothal- 
amus (49). The gut itself is able to sense nutrient levels 
from ingested food and communicate with the brain via 
a neuronal network to regulate whole-body energy and 
glucose metabolism (47). In particular, glucose sensing in 
the gut stimulates skeletal muscle glucose utilization, an 
effect abolished by the intracerebroventricular adminis- 
tration of a GLP-1 receptor antagonist (50). In theory, in- 
creased skeletal muscle mass or decreased MSTN signaling 
in muscle could alter nutrient availability or levels of a 
hormone that then acts directly on the CNS or indirectly by 
regulating an anorexigenic or orexigenic signal from an- 
other tissue under specific conditions present in A-ZIP 
mice. Although we measured the levels of several known 
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FIG. 6. Reduced glycemia and hyperphagia caused by muscle-specific inhibition of MSTN signaling in A-ZIP mice is leptin independent. Leptin 
mRNA levels were determined by qRT-PCR in gastrocnemius muscle (.4) or BAT (1?) of WT mice, Muscle-DN mice, A-ZIP mice, and A-ZIP, Muscle- 
DN mice (n = 4-6). Body weight (C), blood glucose (Z>), and food intake (2?) per mouse and normalized to body weight (BW) (F) of WT (n = 7), 
ob/ob, A-ZIP (n = 3), and ob/ob, A-ZIP, Muscle-DN (n = 3) mice measured at age 12 weeks. Results are presented as mean ± SEM. *P < 0.05, 
**P < 0.01, ***P < 0.001. 



regulators of energy intake, we have not yet identified the 
mechanism by which MSTN inhibition reduces energy in- 
take in A-ZIP mice. Leptin restoration does not explain our 
results, and levels of the anorectic hormone GLP-1 are not 
elevated in A-ZIP, Muscle-DN mice. A-ZIP mice paradoxi- 
cally had higher-than-normal levels of anorectic hormones 
PYY and glucagon and lower-than-normal levels of the 
orexigenic hormone ghrelin, suggesting these hormones are 
compensating for, rather than causing, the increased energy 
intake. 



Our results here show for the first time that MSTN in- 
hibition is effective in a diabetic model. They suggest that 
anti-MSTN therapy may be useful for reducing blood glu- 
cose and hyperphagia in lipodystrophic diabetic patients, 
particularly those who do not respond to leptin treatment. 
Future studies will be required to determine whether MSTN 
inhibition might be clinically useful to treat lipodystrophy 
in conjunction with leptin therapy or in models of HAART- 
induced lipodystrophy. This work also raises the possibility 
of a muscle-brain axis that regulates food intake. It seems 
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unlikely that MSTN itself is a hormone that directly regu- 
lates energy intake in the brain because A-ZIP, Muscle-DN 
and A-ZIP, Mstn~ y ~ mice both have reduced energy intake. 
The identification of this muscle-feedback signal remains to 
be determined. 
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